Purpose: Formaldehyde is classified as human carcinogen and the association with nasopharyngeal cancer has been observed in many epidemiological studies. The aim of this study is to evaluate data about occupational exposure levels to formaldehyde in the Italian working force. Methods: Airborne concentrations of formaldehyde were extracted from the Italian database on occupational exposure to carcinogens and refer to the period 1996-2014. Descriptive statistics were calculated for exposure-related variables. The number of workers potentially exposed was estimated for the activity sectors better characterized in the database. An analysis through linear mixed models was performed to determine factors influencing the exposure level. Results: A total of 1610 formaldehyde exposure measurements were selected from the database, having an overall arithmetic mean of 0.12 mg m −3 and a geometric mean of 0.04 mg m −3 . The activity sectors with the highest number of measurements were the manufacturing of chemicals and chemicals products (N = 529) in men and the health and social work in women (N = 105). The number of workers potentially exposed in the selected sectors was 49 450, and the most predictive independent variables of the exposure level resulted to be the occupational group and the year of measurement.
Introduction
Formaldehyde is a colourless gas, flammable, and highly reactive at room temperature. It is released by several natural sources such as fires and volcanic eruptions as well as from industrial and traffic air emissions. This chemical compound is also extensively produced industrially worldwide and commercialized mainly as a 30-50% (by weight) aqueous solution, known as formalin. It is used in the manufacture of resins, preservatives, lawn fertilizers, fixatives, cosmetics, and disinfectants, possibly causing indirect exposure due to indoor pollution (National Toxicology Program [NTP], 2011) .
Industrial workers employed in the production of formaldehyde or formaldehyde-containing products, laboratory and healthcare professionals, and mortuary employees may be exposed to higher levels of formaldehyde during work activities. However, the World Health Organization (WHO) suggested that, because formaldehyde is ubiquitous, occupational exposure occurs in all workplaces (WHO, 2010) . The exposure occurs primarily by inhaling formaldehyde gas or vapour from the air, or by absorbing liquids containing formaldehyde through the skin. In the 1980s, the Occupational Safety and Health Administration (OSHA) estimated that over 2 million US workers were exposed to formaldehyde, and the exposure level ranged from 0.1 to 1 ppm (NTP, 2011) . In the European Union (EU), recent estimates evaluated at 971 000 the number of workers exposed to formaldehyde above the background level, of which 175 380 in Italy (CAREX, 1999; Kauppinen et al., 2000) .
Formaldehyde is known to have acute toxicity, causing sensory irritation of the eyes and upper respiratory tract. A short-term (15 min) occupational exposure level (OEL) of 0.4 ppm (0.49 mg m −3 ) is applied for workers' protection from non-cancer effects (SCOEL, 2008) . There are also a number of evidences of an association with cancer in humans, mainly at the nasopharyngeal site, which led the International Agency for Research on Cancer (IARC) in 2004 to classify formaldehyde as carcinogenic to humans (Group 1) [IARC, 2012] . Despite that formaldehyde was proven to be genotoxic, its carcinogenicity is mostly linked to cytotoxicity induced cell proliferation, and a non-linear dose-effect relationship is suggested by experimental studies on animals (Nielsen and Wolkoff, 2010; WHO, 2010) . These issues have led the Scientific Committee on Occupational Exposure (SCOEL) to classify formaldehyde as a 'genotoxic carcinogen, for which a practical threshold is supported', so recommending an 8 h-time-weighted average (TWA) health-based OEL of 0.2 ppm (0.245 mg m −3 ) (SCOEL, 2008) . A residential indoor short-term guideline value (30 min average concentration) equal to 0.08 ppm (0.1 mg m −3 ) has been proposed by the WHO, reasoned to protect either from irritation or from cancer, by considering the no adverse effect level (NOAEL) for squamous cell carcinoma (2.5 mg m −3 ) and for nasal cytotoxicity (1.25 mg m −3 ) in rats, and the development of malignancies in humans not encountered at mean exposures below 0.63 mg m −3 and at peak exposures below 2.5 mg m −3 (WHO, 2010) . Some toxicological aspects, however, need to be better clarified, mainly referring to the possible causation of myeloid leukemia and to the contribution of peak exposures (Golden, 2011; Gentry et al., 2013; Checkoway et al., 2015) .
The recent decision of the European Regulation on Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) Committee of reclassify formaldehyde, from 1 April 2015, as a Category 1B carcinogen, deadline deferred further to January 2016, will have relevant implication in terms of workplace health and safety management in European countries. In particular, the identification of workers' groups at risk will be essential to a better targeting of preventive measures and public health policies (REACH, 2016, available at http://echa.europa.eu/substance-information/-/substanceinfo/100.000.002).
In Italy, it is mandatory for enterprises to edit and update an exposure registry to carcinogenic chemicals. These registries are transmitted both to inspection authorities and, for an epidemiologic purpose, to the research area of the Italian workers' compensation authority (INAIL) (Scarselli et al., 2007) . Although a strict obligation for formaldehyde was not required by law, because not yet classified as a carcinogen by the EU, several firms already instituted a registry of workers exposed to formaldehyde before January 2016, based on the IARC classification and on the decision of the National Toxicology Commission.
The aim of this study is to describe the level of exposure to formaldehyde across different activity sectors and occupational groups in Italy starting from the national occupational exposure database.
Methods

Data gathering
Data on measurements of formaldehyde exposure are recorded in the Italian information system on occupational exposure to carcinogens (SIREP) and refer to the exposure period 1996-2014. SIREP is a relational database whose design and contents have been fully described elsewhere (Scarselli et al., 2007) . In brief, Italian law requires that employers collect data on workers' exposures to carcinogens and report this information to the INAIL every 3 years. The reporting is mandatory for carcinogens clas-sified as 1 and 2 by the European Union (1, substance known to be carcinogenic to humans; 2, substances that should be regarded as if carcinogenic to humans) corresponding to 1A and 1B categories, respectively in the new globally harmonized system (GHS) of classification, but is voluntary for other possible carcinogenic substances. Employers are required to report carcinogen type, personal and occupational data of exposed employees, and exposure levels. The information reported by employers is standardized and includes: economic activity sector of firm and workforce size; workers' personal data and job type; year of measurement and level of exposure (magnitude, frequency, and duration). Employers are responsible for the exposure measurement procedures and air sampling methods, to be carried out in accordance with European standards which provide technical guidance to implement an air monitoring strategy (CEN, 1995) . The sample type (personal or environmental) and the analytical method performed for the measurements were not always available (67 and 42% of cases, respectively), while the sampling period was a typical 8 h working day.
Data selection
A total of 1610 measurements that refer to 1301 exposure situations to formaldehyde were available; 240 exposures were measured repeatedly over time. Other exposure situations (N = 645) were excluded from the analysis due to the lack of measurement data or for the unavailability of worker's occupational group. Measurements (N = 148) that were below the analytical limit of detection (LOD) were replaced with the LOD value divided by 2 (LOD/2) (Hornung et al. 1990) . The most frequently reported LOD was 0.025 mg m −3 , representing 41% of the measurements in mg m −3 below the LOD value. Measurements (N = 243) provided in ppm were converted to mg m −3 using the standard conversion factor derived at 25°C and 1 atmosphere of pressure (1 ppm = 1.23 mg m −3 ). International standard classifications were used to code economic activity sectors (NACE rev. 1) and occupational groups (ISCO-88).
Descriptive statistical analyses were carried out to estimate the arithmetic mean (AM) and geometric mean (GM) of exposure levels, the geometric standard deviation (GSD) and the 25th-75th interquartile range (IQR). A sample size of 25 measurements was selected as minimum number required to perform reliable descriptive statistics.
Estimating exposed workers
Since firms notifying the register are also required to report the total number of workers (exposed workers plus those not exposed), it was possible to calculate the percentage of exposed workers within each firm. The number of workers potentially exposed to formaldehyde was estimated for the activity sectors better characterized in the database, i.e. those where the percentage of reported workforce (exposed workers plus those not exposed) was more or equal than 1% of the total sector workforce (RW i /W i ≥ 1%, where RW i = SIREP reported workforce, W i = total workforce, and i = i-th activity sector), and where more than three firms were recorded. The total sector workforce was estimated through the national statistics from the Italian Institute for Statistics (ISTAT, 2011) . For the selected activity sectors, the number of workers potentially exposed to formaldehyde was reconstructed using the percentage of exposed workers in relation to both the workforce size of firms recorded in the SIREP database and the national statistics on workforce (i.e. PE i = W i × (E i /RW i ), where PE i = potentially exposed workers, W i = ISTAT total workforce, E i = SIREP exposed workers and RW i = SIREP reported workforce). SIREP exposed workers (E i ) is the total number of workers having formaldehyde exposure measurements recorded in SIREP (including those with levels below the LOD), for the ith activity sector. In order to code economic activity sectors according to the coding system of the ISTAT census, the NACE rev. 2 international classification was used.
Mixed effects model
Mixed effects models with random firm-specific intercepts were adopted to evaluate the association between exposure variables and air formaldehyde concentration. In order to uniform the results of the study and produce more robust estimates, regression analysis was restricted to data recorded in the sectors selected for the descriptive statistics. A non-parametric one-way analysis of variance (ANOVA) using the Kruskal-Wallis test was applied to detect and identify variables influencing the exposure level and only variables statistically significant at the P < 0.05 were included in the model. All independent variables (fixed effects) tested were categorical: activity sector (NACE rev. 1 codes), firm size (<10 workers, 10-20 workers, 20-50 workers, 50-100 workers, ≥100 workers), geographical location of the firm (by Italian macroarea: Northeast, Northwest, Centre, Southern), worker's gender, occupational group (ISCO-88 codes), and year of measurement (grouped in six 3-year periods). Exposure measurements were natural log transformed because data were positively skewed and approximately log-normal distributed. A P-value ≤0.05 was considered as statistically significant to retain variables in the model, and the restricted maximum likelihood method was used as estimation method.
The Akaike information criterion (AIC) was applied to achieve the best-fitting model.
The mixed-effects model is described by the following equation: ) was computed for each specific effect to measure the degree of association using the following formula:
A first regression model was developed considering only the effect of independent variables without interaction terms (main effects). In a second model, the twoway interaction components were also tested. Main effects and interaction terms not significant at P < 0.05 were removed step by step from the models. The data were collected routinely as an institutional activity and were analysed anonymously using IBM SPSS Statistics v. 22 (IBM Corp., Armonk, NY, USA).
Results
Descriptive statistics
Overall, the mean level (AM) of exposure to formaldehyde was 0.12 mg m −3 , and was higher in women than in men. The distribution by activity sector (NACE codes) is shown in Table 1 . The sectors at higher exposure risk were '85.11-hospital activities' for women, and '20.20-manufacture of veneer sheets, plywood, laminboard, particle board, other panels and boards' for men. The occupational group (according to the ISCO-88 classification) with the highest level for formaldehyde exposure was '2221-medical doctors', even if with a low number of measurements. Exposure levels by occupations are reported in Table 2 , and in Table 3 exposure measurements are described by other main variables. Regarding job tasks, in women the work activity suffering higher levels of exposure was chemical laboratory technician employed in the healthcare sector whereas in men the high-risk job task was the moulding activity among plastic-products machine operators (Table 3) . Figure 1 shows the temporal trend of exposure levels (GM) by year of measurement. Levels of exposure to formaldehyde are significantly decreasing over time, showing a peak in correspondence of 2005. In recent years (2010) (2011) (2012) (2013) (2014) , the number of formaldehyde measurements reported to SIREP was, on average, about 100 per year. Winter and summer were the seasons with the lowest exposure levels, while in spring and autumn higher levels were recorded (Table 3) . Table 1 . Distribution of mean levels of formaldehyde exposure with variability metrics by activity sector (SIREP, 1996 (SIREP, -2014 About 35% of measurements exceeded the value of 0.1 mg m −3 , but this percentage varied widely among activity sectors. The distribution of exposure levels within each sector, for the most common activity sectors, is described in Fig. 2 . Workers in the healthcare sector had a prevalence (in %) of elevated exposure levels >0.5 mg m −3 approximately twice those of the wood industry, while no measurement >0.5 mg m −3 was reported in the manufacture of rubber and plastic product and in the manufacture of furniture. About half of the exposure measurements in the wood industry were >0.1 mg m −3 , whilst within the healthcare sector, 43% of measurements was >0.25 mg m . With regard to firm size, small firms (10-19 employees) showed the highest level of formaldehyde exposure, whereas in larger firms the exposure was consistently lower (Table 3) .
Most of the documentation on exposure levels (40%) came from firms placed in regions of Northwest of Italy but higher mean levels were reported in firms located in the Southern area and in the Northeast. Lower levels, on average, were notified by firms of Central Italy (Table 3 ).
Estimating exposed workers
In the selected activity sectors, 49 450 workers resulted potentially at risk of formaldehyde exposure, most of whom were employed in the sector of manufacture of other plastic products (NACE rev. 2 code: 22.29.0, 26 726 exposed workers, 54% of total workers potentially exposed). Detailed data for the selected activity sectors are shown in Table 4 .
Mixed effects model
The first model (main effects only) had an R 2 of 0.55, and the activity sector had the greatest impact on the AIC value, while the occupational group was the most important main effect (η 2 = 0.07). In the second model (with interactions), R 2 increased approximately 30% and AIC decreased about 20%. This model had three significant interaction components, and all of them were time-dependent ('occupational group × year of measurement', 'activity sector × year of measurement', and 'year of measurement × geographical location'). The most significant interactions resulted between the occupational group and year of measurement (η 2 = 0.21), and between the activity sector and year of measurement (η 2 = 0.18). The interaction component that caused a larger decrease in AIC was 'occupational group × year of measurement'. The main effect of the geographical location was removed from the final model since it was not significant and the AIC value did not decrease. Estimates for the main effects in the first model are reported in Table 5 , Table 2 . Distribution of mean levels of formaldehyde exposure with variability metrics by occupational group (SIREP, 1996 (SIREP, -2014 
Discussion
In this study, data collected from firm-based exposure registries were used to provide information about current formaldehyde exposures in occupational settings in Italy. Despite the most of exposed workers were estimated to be engaged in chemical and plastic industries, the highest mean levels of exposure were recorded in the healthcare sector and in the manufacturing of wood products. In fact, in these two sectors a relevant proportion of measurements exceeded the SCOEL OEL, as previously noted in other nation-wide exposure databanks (Lavoué et al., 2006 (Lavoué et al., , 2008 (Lavoué et al., , 2011 Clerc et al., 2015) . Occupational groups more at risk in the healthcare were medical doctors and laboratory technicians, whereas in the wood industry, were wood treaters and wood processing operators. A different pattern of exposure also emerged from the analysis by gender, likely due to sex segregation. In some activity sectors, such as the chemical industry and the furniture manufacturing, exposures prevailed in men, whereas in others, such as the healthcare sector, the male to female ratio was lower than one. In term of prevalence of exposure, our results are in line with those of the CAREX Canada study, that had identified 2% of high exposure, 30% of moderate exposure and 68% of low exposure (Peters et al., 2015) . Indeed, following the same threshold criteria applied by the CAREX Canada study, we found 2% of high exposure (>0.5 mg m −3 ), 34% of moderate exposure (0.1-0.5 mg m −3 ), and 63% of low exposure (<0.1 mg m −3 ), suggesting that our results may be considered representative Table 3 . Distribution of mean levels of formaldehyde exposure with variability metrics overall, and by gender, firm size, season, and Italian macroarea (SIREP, 1996 (SIREP, -2014 . of the actual occupational setting. A general decreasing trend in OELs during the study period is also suggested, but caution must be used in interpreting this finding. A temporal analysis by activity sector is actually not feasible due to the relative paucity of measurements. On the other hand, the overall temporal trend shown in Fig. 1 is partially explained by the different percentage of measurements coming from different activity sectors in different years. In the period 1996-2004, indeed, most of measurements belonged to chemical sector while in more recent years exposures came mostly from the healthcare sector. In the last year (2014), instead, the lower mean value was mainly due to a lack of measurements in the wood industry and in the healthcare, sectors where the mean level of exposure resulted to be high. This remark is also confirmed by the mixed-effects regression models presented, showing a significant independent effect of year of measurement but also significant interactions with other explanatory variables such as activity sector and occupational group. In the European Union, 3.6 million tons of formaldehyde are produced each year, accounting for about 30% of global production, and Italy is the second largest formaldehyde producer after Germany (CEFIC, 2009). The chemical industry still makes a wide use of formaldehyde, mainly in the production of urea-formaldehyde resins. Based on the SIREP data, a relevant number of workers is exposed in the chemical sector, mainly in plastics manufacturing. The relatively low exposure level reported on average may be due to effective technical prevention measures, adopted by the large industrial groups operating in this sector. Nevertheless about a third of measurements in the rubber and plastics manufacturing sector exceeds the OEL, suggesting that the risk for dose-dependent health effects is still relevant in several occupations and tasks, such as plastic-products machine operators. Moreover, the mixed effects model seems to suggest that this occupational group failed to experiment a decrease of exposure levels over time as in other groups. In fact, the professional group was the most important determinant for the level of exposure to formaldehyde, whereas no significant independent effect related to firm size seems detectable from our results. This could be explained by the nature of data coming transversely from firms that recorded the highest levels of formaldehyde exposure across the country.
Healthcare workers have been traditionally exposed to formaldehyde because of its use as a disinfectant, mostly abandoned, and as a fixative and preservative of biological specimens. A number of recent studies has also reported a significant occupational exposure to formaldehyde in gross anatomy and histopathology laboratories within hospitals (Viegas et al., 2010; Hisamitsu et al., 2011; Saowakon et al., 2015; Driscoll et al., 2016) . Our analysis supports the need of implementing targeted efforts to reduce exposure levels in this work setting (Akbar-Khanzadeh and Pulido, 2003; Takahashi et al., 2010; Klein et al., 2014; Saowakon et al., 2015) . This is mainly relevant with respect to the long-term prevention of adverse health effects, including cancer for which a threshold level it is also assumed. In our data, a higher proportion of exposed women were employed in healthcare settings, explaining partially the overall higher mean exposure level. Table 4 . Estimates of workers potentially exposed in the selected activity sectors (SIREP, 1996 (SIREP, -2014 Number of workers reported by firms (exposed + non-exposed) in SIREP. Percentage of exposed workers with respect to non-exposed workers reported by firms in SIREP.
e Number of potentially exposed workers to formaldehyde.
Another group at risk according to our data were workers engaged in the manufacturing of wood products, specifically wood boards and panels. Working with particle board or plywood was found to be a main circumstance of exposure also in a recent published work on prevalence of occupational exposure to formaldehyde in the Australian working population, due to formaldehyde released by the glues and resins used to bind the wood (Driscoll et al., 2016) . Given the still relevant exposure levels in this sector, prevention and protection measures need to be enforced (Lavoué et al., 2005) , also in light of the dose-dependent increase of genetic damage previously reported in plywood workers exposed to formaldehyde (Jiang et al., 2010; Lin, 2013) .
The main limitations of SIREP database are the inhomogeneous territorial coverage and the under-representation of some economical activities, as already underlined in previous studies (Scarselli et al., 2008 (Scarselli et al., , 2011 (Scarselli et al., , 2014 . Table 5 . Natural logarithm of exposure value to formaldehyde expressed by main effects in the first model (SIREP, 1996 (SIREP, -2014 The collection and transmission of data are under the responsibility of the employer, and we observed in this study that the number of exposure measurements greatly depends on the activity sector and firm size considered. In particular, activity sectors and occupational groups are differently represented in this dataset. Exposure measurements were in large quantities for some industries/ occupations (e.g. manufacture of chemicals and chemical products, N = 556), but limited for others (e.g. manufacture of builders' carpentry and joinery, N = 38). For this reason, the reported results should be considered with caution. The possibility that firms which neither keep and nor transmit data on exposures had higher exposure levels, may have affected our estimates. It must also borne in mind that the reporting of the register is not yet mandatory for formaldehyde until it will be classified as a carcinogenic substance for humans by the UE (Category 1B). Nevertheless our findings show a good agreement with those coming from other cross-sectional studies and national surveys. Uncertainty may also have been introduced as a result of differences in air sampling, analytical procedures, sample collection methods (personal or stationary), and data classification. In order to increase the precision of estimates, only sectors and occupations having more than 25 measurements recorded were included in the statistical analysis. Other problems inherent in the use of administrative sources as SIREP are the original purpose of data collection (e.g. complaint, compliance, research, etc.), changes in measurement techniques and variability in environmental conditions, that may distort exposure measurements if missing (Teschke et al., 2002) .
Only the sectors better characterized in the database were taken into account to estimate the number of workers potentially exposed. A consequence of this selection is that certain activity sectors were excluded because of the limited information on the size of reported workforce (e.g. manufacture of basic metals, manufacture of fabricated metal products, and research and experimental development on natural sciences and engineering). The number of exposed workers in each sector was calculated assuming the same ratio between exposed and non-exposed workers in firms notifying and non-notifying exposures data to SIREP. This assumption may have likely introduced further bias in the estimates.
Conclusions
Despite limitations on exposure levels (unreported information) and data incompleteness in some activity sectors, the estimates here produced may be useful in conducting industry-and occupation-specific investigations, confirming the SIREP occupational exposure system as a valuable source of data. Indeed, the identification of the extent and magnitude of exposure to formaldehyde may allow targeted interventions aimed to monitor and prevent occupational exposures in the concerned activity sectors. The reclassification of formaldehyde as an EU carcinogen, making firm registries obligatory by law, will help public health authorities at improving the completeness and accuracy of exposure data. The inclusion of formaldehyde under the Directive no. 2004/37/ EC of the European Parliament and the Council, of 29 April 2004, on the protection of workers from the risks related to exposure to carcinogens or mutagens at work, should finally lead to enhance inspections and controls in workplaces.
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